Cardiomyocytes acquire their primary specialized function (contraction) before exiting the cell cycle. In this regard, proliferation and differentiation must be precisely coordinated for proper cardiac morphogenesis. Here, we have investigated the complex transcriptional mechanisms employed by cardiomyocytes to coordinate antagonistic cell-cycle and differentiation gene programs through the molecular dissection of the core cardiac transcription factor, MEF2. Knockdown of individual MEF2 proteins, MEF2A, -C, and -D, in primary neonatal cardiomyocytes resulted in radically distinct and opposite effects on cellular homeostasis and gene regulation. MEF2A and MEF2D were absolutely required for cardiomyocyte survival, whereas MEF2C, despite its major role in cardiac morphogenesis and direct reprogramming, was dispensable for this process. Inhibition of MEF2A or -D also resulted in the activation of cell-cycle genes and down-regulation of markers of terminal differentiation. In striking contrast, the regulation of cell-cycle and differentiation gene programs by MEF2C was antagonistic to that of MEF2A and -D. Computational analysis of regulatory regions from MEF2 isoform-dependent gene sets identified the Notch and Hedgehog signaling pathways as key determinants in coordinating MEF2 isoform-specific control of antagonistic gene programs. These results reveal that mammalian MEF2 family members have distinct transcriptional functions in cardiomyocytes and suggest that these differences are critical for proper development and maturation of the heart. Analysis of MEF2 isoform-specific function in neonatal cardiomyocytes has yielded insight into an unexpected transcriptional regulatory mechanism by which these specialized cells utilize homologous members of a core cardiac transcription factor to coordinate cell-cycle and differentiation gene programs. . 2 The abbreviations used are: TF, transcription factor; NRVM, neonatal rat ventricular myocyte; qRT-PCR, quantitative RT-PCR; IPA, Ingenuity Pathway Analysisா; MOI, multiplicity of infection; bHLH, basic helix-loop-helix. cros ARTICLE
diomyocytes and multiple non-muscle cell types (1) (2) (3) . The gene-regulatory network that drives heart organogenesis is controlled by a core of evolutionarily conserved cardiac transcription factors (TFs) 2 (4, 5) . MEF2 is a key member of this core group whose activity is essential for cardiac development in numerous animal species (6, 7) . Vertebrates have evolved multiple isoforms of MEF2 (MEF2A, -B, -C, and -D), thereby broadening the gene-regulatory potential of this cardiac TF and adding additional layers of complexity to the transcriptional circuitry of cardiac organogenesis. The diverse regulatory roles of MEF2 in the heart are exemplified by the wide array of cardiovascular phenotypes associated with knock-out or inhibition of individual MEF2 genes in vertebrate model systems (8 -13) . Although there is no doubt that MEF2 is required for differentiation and regulates structural genes in muscle (14, 15) , the repertoire of gene programs controlled by this family in cardiomyocytes is largely unknown. Based on the range of cellular processes mediated by MEF2 isoforms in other specialized cell types, such as neurons, the regulatory potential of this core cardiac TF has not been fully realized in cardiomyocytes.
The perinatal period is a critical time for proper cardiac maturation, during which differentiated cardiomyocytes with persisting proliferative capacity are programmed to permanently exit the cell cycle (16 -18) . Cardiomyocyte quiescence will prevent further growth of the heart through cell division, instead promoting growth by increases in cardiomyocyte size. Perhaps not coincidentally, it is also the time during which the mammalian heart begins to lose its ability to regenerate (19, 20) . Neonatal cardiomyocytes also undergo radical switches in metabolic pathways and contractile protein isoforms to fully commit to the mature differentiated phenotype (21, 22) . We understand surprisingly little about the mechanisms by which cell-cycle exit and terminal differentiation are coordinated, considering the importance of precisely executing these processes for adult cardiomyocyte homeostasis and function.
We have previously reported that neonatal cardiomyocyte homeostasis is dependent on MEF2. Cytoarchitectural (costamere/muscle focal adhesion) and cell-cycle gene programs in neonatal cardiomyocytes were shown to be regulated by MEF2A and MEF2D protein isoforms, respectively (23, 24) . Interestingly, defects in these distinct gene programs both led to severely impaired cardiomyocyte survival. Based on the importance of MEF2 for cardiomyocyte survival, we wanted to explore the global gene programs that mediate this process further by performing an unbiased genome-wide pathway analysis of all MEF2 protein isoforms.
The gene-regulatory function of MEF2 isoforms has typically been investigated through the analysis of a representative member. Here we present a comprehensive morphological and genome-wide transcriptomic analysis on the three major cardiac MEF2 isoforms, MEF2A, -C, and -D, in neonatal cardiomyocytes under identical conditions. MEF2A and -D, but not MEF2C, were found to be essential for cardiomyocyte survival. Consistent with these differential effects on survival, a detailed computational analysis uncovered distinct roles for these protein isoforms in cell-cycle and structural gene regulation. The results of this study reveal an entirely unexpected antagonistic regulatory role among MEF2 isoforms and have provided a mechanistic understanding of the intricate transcriptional relationships among homologous proteins in a core cardiac transcription factor family.
Results

Neonatal cardiomyocyte survival is dependent on MEF2A or -D but not MEF2C
The coordination of cell-cycle and differentiation pathways is essential for neonatal cardiomyocyte homeostasis and maturation. Perturbations in these processes can lead to catastrophic events, including programmed cell death. We have previously reported a requirement for MEF2A and -D in neonatal cardiomyocyte survival through their regulation of the cytoarchitecture (costamere) and cell cycle, respectively (23, 24) . The precise relationship between these and other MEF2 isoforms in regulating survival has not been fully explored. We sought to dissect the transcriptional mechanisms of this critical process in neonatal cardiomyocytes.
Although expression of Mef2 transcripts has been qualitatively examined in mouse cardiac development (26) , the relative expression of the four mammalian Mef2 transcripts has never been quantified specifically in cardiomyocytes. Using quantitative RT-PCR, we found that Mef2a is the most abundant isoform in neonatal rat ventricular myocytes (NRVMs) (Fig. 1A) . Mef2c and -d displayed similar expression levels and were 22-25-fold lower than Mef2a, respectively. Mef2b transcripts were largely undetectable in NRVMs, expressed at levels 350fold lower than that of Mef2a. Based on these results, MEF2A, -C, and -D were deemed to be the predominant MEF2 isoforms expressed in NRVMs, and our analysis is restricted to these three relevant factors.
Neonatal cardiomyocytes were transduced with MEF2 isoform-specific shRNA adenoviruses and examined 3 days posttransduction. Analysis of MEF2 expression in each of the isoform knockdowns revealed efficient inhibition of the respective MEF2 isoform (Fig. 1B) . We have previously demonstrated the isoform specificity of these shRNAs and did not observe crossreactivity with other MEF2 proteins (23, 25) . Interestingly, we observed down-regulation of Mef2d in MEF2A-deficient NRVMs and a reciprocal down-regulation of Mef2a in MEF2D-deficient NRVMs (Fig. 1B) . In contrast, MEF2C deficiency did not affect endogenous expression of Mef2a or -d. Finally, with the exception of a modest up-regulation of Mef2c in MEF2Ddeficient NRVMs (Fig. 1B, right) , there was no compensatory up-regulation of Mef2 transcripts in response to acute depletion of individual MEF2 proteins. Given the previously described isoform specificity of these shRNAs, we conclude that the reciprocal down-regulation of Mef2d and Mef2a transcripts in MEF2A-and MEF2D-deficient NRVMs, respectively, is a biological effect of transcriptional cross-regulation within the MEF2 family in NRVMs.
Previous studies have described distinct loss-of-function cardiac phenotypes for mammalian MEF2 family members in vivo (11) (12) (13) . Because these studies examined the consequences of chronic deficiency of individual MEF2 proteins and in the context of the whole heart, we investigated the effects of acute inhibition of MEF2 family members specifically in isolated cardiomyocytes within a defined temporal window. Inhibition of MEF2A resulted in reduced cardiomyocyte number, decreased viability, and increased cleaved caspase-3 activity, an indicator of programmed cell death ( Fig. 1 , C-E). MEF2D inhibition also resulted in a significant reduction in cardiomyocyte viability and increase in caspase-3 activity ( Fig. 1E ), consistent with our previous analysis (24) . By contrast, inhibition of MEF2C did not impair NRVM survival ( Fig. 1 ) even at higher multiplicities of infection. These results indicate that either MEF2A or MEF2D is necessary for neonatal cardiomyocyte survival, and MEF2C is not.
To determine whether MEF2 proteins function redundantly in cardiomyocyte survival, we performed double and triple MEF2 isoform knockdowns. As shown in Fig. 1 (C-E), pairwise inhibitions of MEF2 isoforms did not modulate the impaired viability phenotype observed in MEF2A or -D deficiency, and an effect of MEF2 inhibition did not emerge in the MEF2Adeficient, MEF2D-deficient, or MEF2A/D-deficient NRVMs. These results demonstrate that MEF2C is dispensable for cardiomyocyte survival and does not have a role masked by the presence of MEF2A or -D. Whereas MEF2A and -D are both required for cardiomyocyte survival, MEF2A inhibition led to earlier loss of viability with adverse effects observable by 48 h (data not shown).
MEF2 overexpression in MEF2A-deficient cardiomyocytes
To determine whether overexpression of any MEF2 isoform is sufficient to rescue the MEF2A-deficient loss of viability, we overexpressed MEF2A, MEF2C, MEF2D, and MEF2-VP16, a constitutive MEF2 activator, in MEF2A-deficient myocytes. Transient overexpression of the various MEF2 protein isoforms or MEF2-VP16 did not significantly increase the number of actinin-positive cardiomyocytes in MEF2A-deficient NRVMs (Fig. 2, A and B) . However, overexpression of MEF2A, MEF2D, or MEF2-VP16 significantly decreased cleaved caspase-3 activity in MEF2A-deficient NRVMs (Fig. 2C ). By contrast, overexpression of MEF2C did not significantly reduce cleaved caspase-3 activity in MEF2A-deficient NRVMs (Fig. 2C ). The ability of MEF2A, MEF2D, or MEF2-VP16 to reduce the activity of caspase-3 but not increase cell number suggests that decreased activity of this pro-apoptotic factor is not sufficient to prevent loss of cardiomyocytes or that insufficient time has elapsed to see a beneficial effect on cellular viability.
Based on this intriguing isoform-specific difference, we bolstered our analysis by measuring DNA degradation using propidium iodide staining followed by flow cytometry. As shown in Fig. 2D , shLacZ control NRVMs contain a population of cells with diploid (2n) through tetraploid (4n) DNA content portraying the known heterogeneity of mono-and binucleated neona-tal myocytes (Fig. 2D, left) . Inhibition of MEF2A resulted in a significant redistribution of this DNA content profile, with the emergence of a peak representing, myocytes containing sub-2n DNA content ( Fig. 2D, right) , consistent with elevated DNA fragmentation observed in apoptosis.
We subsequently evaluated the ability of MEF2 isoforms to reduce the sub-2n fragmented DNA fraction and restore normal DNA content in MEF2A-deficient NRVMs. Overexpres- sion of the various MEF2 isoforms reduced the percentage of the sub-2n population but to varying degrees. MEF2A, MEF2C, or MEF2-VP16 significantly reduced the number of myocytes containing sub-2n DNA content, whereas the modest reduction of sub-2n myocytes observed in MEF2D overexpression did not reach statistical significance ( Fig. 2E , right set of bars).
These results demonstrate that overexpression of MEF2 isoforms is sufficient to diminish DNA fragmentation in MEF2Adeficient NRVMs. Interestingly, whereas MEF2C overexpression failed to reduce cleaved caspase-3 activity in MEF2A-de-pleted NRVMs, it had a favorable effect on genomic DNA integrity. These results suggest that MEF2C is distinct from other MEF2 isoforms in that its apparent compensatory activity is restricted to a late stage in the apoptotic pathway, while being unable to modulate earlier steps or ultimately affect survival. Further analysis of the DNA content profile revealed previously uncharacterized effects of MEF2 isoform overexpression on the cardiomyocyte genome. As shown in Fig. 2F (left graph), MEF2A overexpression in MEF2A-deficient NRVMs resulted in a significant reduction in the sub-2n population and a mod- est increase in myocytes harboring 2n, 2n-4n, and 4n DNA content. These increases probably represent the myocyte population that was rescued from apoptotic DNA fragmentation by MEF2A overexpression. A similar effect and profile were observed for MEF2-VP16. By contrast, MEF2D overexpression in MEF2A-deficienct NRVMs resulted in significantly more myocytes with 2n compared with MEF2A overexpression and fewer cells containing 2n-4n and 4n DNA content. Curiously, MEF2C overexpression in MEF2A-deficient NRVMs displayed a profile quite distinct from overexpression of MEF2A, MEF2D, or MEF2-VP16 in that same background. This population displayed a significant decrease in diploid (2n) NRVMs and a significant increase in myocytes with 2n-4n and 4n DNA content ( Fig. 2F , right graph). By thoroughly analyzing the DNA content profile of MEF2A-deficient NRVMs overexpressing various MEF2 proteins, we have demonstrated that, despite their ability to rescue DNA fragmentation (sub-2n), these isoforms elicited differing effects on the genomic DNA content.
MEF2 overexpression in MEF2D-deficient cardiomyocytes
Previously, we reported a function for MEF2D in cardiomyocyte survival and genomic DNA integrity (24) . Based on the distinct effects of MEF2 proteins in these processes in MEF2Adeficient cardiomyocytes, we next wanted to evaluate MEF2 overexpression in MEF2D-deficient NRVMs. Overexpression of MEF2D or MEF2-VP16, but not MEF2A or -C, significantly reduced cleaved caspase-3 activity in MEF2D-deficient NRVMs (Fig. 3A ). Regarding DNA content, MEF2D depletion caused a widespread reduction in the NRVM population harboring diploid through tetraploid genomic DNA and an increase in the percentage of sub-2n cells (Fig. 3B ), a profile consistent with our previous study (24) . Interestingly, overexpression of MEF2C or MEF2-VP16, but not MEF2A or -D, significantly reduced the sub-2n population ( Fig. 3C , left graph). Moreover, MEF2C overexpression promoted an increase in the 2n-4n and 4n population similar to its effects in MEF2A-deficient NRVMs (Fig. 3C , right graph). Taken together, the rescue experiments suggest that, despite some compensatory effects, MEF2 isoforms have distinct and separable functions in the regulation of cardiomyocyte genomic DNA integrity and survival.
Genome-wide transcriptomics and comparative analysis of individual MEF2 knockdown in cardiomyocytes
The contrasting effect of MEF2A, -C, and -D on cardiomyocyte survival and DNA content profile suggested distinct regulatory functions of these isoforms despite their largely indistinguishable transcriptional activities in vitro. This hypothesis is additionally supported by previously characterized distinct in vivo loss-of-function phenotypes (11) (12) (13) . Thus, we performed global gene expression profiling to determine what sets of genes and cellular processes are regulated by individual MEF2 proteins in neonatal cardiomyocytes. Transcriptomic analysis of NRVMs depleted of individual MEF2 proteins resulted in overlapping but largely distinct dysregulated gene sets. Using stringent statistical criteria (see "Experimental procedures"), the most striking effect on gene expression in NRVMs was observed in MEF2A knockdown. As shown in Fig. 4A , depletion of MEF2A revealed 3,197 significantly dysregulated genes, representing 43% of the total number of dysregulated genes. MEF2C and MEF2D deficiency resulted in only 471 and 786 dysregulated genes, or 6.4 and 10.6% of the total, respectively. In terms of overlapping dysregulated genes, MEF2A and -D gene sets had 20% of the genes in common, which was the highest percentage of all of the MEF2 isoform comparisons (Fig. 4A, right) . This was followed by 9% of commonly dysregulated genes between MEF2A and -C. The lowest overlap was observed in the genes shared between MEF2C and -D, representing 2.8% of the total. Finally, only 8.2% of the dysregulated genes were shared in all three MEF2 isoform knockdowns ( Fig. 4A, right) .
These dysregulated gene expression levels were subsequently validated by qRT-PCR analysis on a subset of the top dysregulated genes (up-and down-regulated) from each individual MEF2 knockdown. As shown in Fig. 4B , the vast majority of genes in each MEF2 isoform gene set examined displayed the expected dysregulation.
Classification of cellular processes in MEF2 knockdown gene sets
To gain insight into the distinct roles of the MEF2 family in NRVMs, the dysregulated, non-overlapping genes in each subgroup were categorized into cellular processes using Ingenuity Pathway Analysis (IPA).
IPA of MEF2 isoform-sensitive gene sets revealed vastly different cellular processes in the preferentially dysregulated target genes from each MEF2 knockdown (Table 1) . Many genes distinctly sensitive to MEF2A play roles in cell-cell junction signaling and cancer pathways. By contrast, genes preferentially regulated by MEF2C are involved in energy production in mitochondria, and genes regulated by MEF2D are involved in cellular growth (HIPPO pathway) and survival (PI3K signaling). Finally, the group of genes sensitive to all three MEF2 isoforms functions in multiple aspects of the cell cycle, including DNA replication and DNA damage checkpoints. Notably, this overlapping category did not have pathways in common with any of the significantly enriched processes in the individual MEF2 gene sets. These results reveal the breadth of cellular processes under MEF2 control and suggest that these gene programs have evolved sophisticated transcriptional mechanisms to differentiate among MEF2 isoforms in cardiomyocytes.
Complex and antagonistic patterns of dysregulated gene expression among MEF2 family members
The emergence of a common cell-cycle gene program regulated by all MEF2 isoforms piqued our interest because this could potentially explain the effects on cardiomyocyte survival and genomic DNA content. Because this subset of genes is sensitive to all MEF2 isoforms, we hypothesized that, based on their largely indistinguishable transcriptional activities in vitro, these genes would be similarly regulated by each isoform and provide a logical starting point to mechanistically dissect MEF2-dependent gene regulation in cardiomyocytes.
Remarkably, analysis of the dysregulated patterns of the 610 common genes revealed that the vast majority of these genes were not similarly affected by depletion of specific MEF2 isoforms ( Fig. 5A , note the red and green arrows). These comparisons revealed four distinct groups based on similarity of dysregulation in all three MEF2 knockdowns or combinations of two MEF2 isoforms (e.g. shared, MEF2A/D, MEF2A/C, and MEF2C/D). Strikingly, only about one-third of the MEF2 isoform-sensitive genes were dysregulated in the same direction (shared), but nearly two-thirds of the genes were differentially affected and showed the opposite dysregulation in at least one MEF2 isoform knockdown ( Fig. 5A, right) . Of these, the most predominant pattern was the similarity in gene dysregulation between inhibition of MEF2A or -D and the opposite dysregulation by MEF2C depletion as shown in the MEF2A/D row (48%; Fig. 5A, left table) . These patterns suggest that a subset of pathways in cardiomyocytes dependent on all MEF2 isoforms are not regulated similarly, extending the notion of isoformspecific regulation to genes functioning in common cellular processes.
Given the unexpected and disparate effects of dysregulation within the common group, we performed IPA on those genes within the various regulatory patterns to obtain a comprehensive analysis of the types of cellular processes for each pattern. As shown in Table 2 , the pathways for each regulatory pattern were dramatically different. Genes regulated in the same manner by all three MEF2 isoforms (shared; all up-or all down-regulated) have been shown to function primarily in fibrosis and amino acid biosynthesis. Genes regulated in the same manner by MEF2A and -C (A/C) or MEF2C and -D (C/D) play a role in signal transduction, but the specific ligand-receptor pathways regulated by each of these pairs were distinct. The most enriched pathway identified in the A/C pattern of regulation belonged to ephrin signaling, a critical pathway in cell positioning and guidance in development. The genes present in the C/D regulatory pattern were enriched for cytokine and interferon pathways. The most intriguing result, however, was obtained for the genes exhibiting the MEF2A and D (A/D) regulatory pattern, where genes were similarly affected by MEF2A or -D depletion but displayed the opposite dysregulation by MEF2C depletion. Pathway analysis of this particular cohort, which had the largest collection of genes, revealed the cell cycle as the most significantly enriched pathway. This helps to explain the enrichment of the cell-cycle program in our analysis of the overlapping group of 610 genes indicated in Table 1 (All MEF2) . Moreover, these data suggest a previously undescribed role for MEF2A and -C protein isoforms in cell-cycle control in cardiomyocytes and independently confirm our previous observations of MEF2D-dependent regulation of the cell cycle (24) .
Based on this interesting finding, we next validated the expression of select cell-cycle genes in the individual MEF2 isoform knockdowns. These genes have been shown to function in DNA replication and checkpoint control. As shown in Fig. 5B (left), inhibition of MEF2A or -D resulted in the up-regulation of the cell-cycle genes Mcm3, -5, -6, Ccne1, -2, and Pcna. Upregulation of the cell-cycle program did not lead to increased proliferation but rather cell-cycle reentry followed by programmed cell death and is entirely consistent with our previous characterization of MEF2D-deficient NRVMs (24) . By contrast, inhibition of MEF2C resulted in down-regulation of cell-cycle gene expression ( Fig. 5B, left) . To reinforce the observed antag- Table 1 Canonical pathways associated with genes preferentially dysregulated in individual Mef2 shRNA treatments Ingenuity Pathway Analysis of canonical pathways preferentially dysregulated by Mef2 shRNA treatment was conducted. The analyzed gene set represents genes that were only statistically dysregulated in knockdown of a single MEF2 factor. The top five most significantly regulated canonical pathways are presented with the number of genes dysregulated in relation to the accepted number of genes associated with each canonical pathway (ratio). TCA, tricarboxylic acid. onistic regulatory effect on the cell cycle within the MEF2 family, we overexpressed these proteins in NRVMs. As predicted, overexpression of MEF2A or -D repressed whereas MEF2C induced cell-cycle gene expression ( Fig. 5B, right) .
Canonical
We complemented the cell-cycle analysis by examining the expression of representative sarcomere genes, which are established markers of differentiated cardiomyocytes. Expression of the sarcomere genes myosin heavy chain 7 (Myh7), myosin light chain 2 (Myl2), myomesin 1 and 2 (Myom1 and -2), and titin (Ttn), in MEF2A-and MEF2D-deficient NRVMs was significantly down-regulated, whereas these genes were up-regulated in MEF2C-deficient cells (Fig. 5C) . These data reveal a previously unappreciated mechanism of MEF2-dependent gene regulation in cardiomyocytes, one in which MEF2 protein isoforms antagonistically regulate gene programs despite their similar transcriptional activities in vitro. Specifically, MEF2A and -D are required for repression of cell-cycle genes and activation of a subset of sarcomeric markers, and MEF2C plays an antagonistic role by activating cell-cycle genes and repressing sarcomeric markers of differentiation.
Identification of distinct transcription factor modules associated with MEF2-dependent cell-cycle and sarcomere genes
Given the lack of evidence demonstrating differences in DNA consensus sequence preferences of MEF2 isoforms, we hypothesized that the antagonistic regulatory patterns resulted from specific interactions with transcriptional coregulators. Therefore, upstream regulatory regions were computationally analyzed for discrete TF modules harboring a MEF2-binding site within 50 base pairs of a predicted TF-binding site. To identify these TF modules enriched in cell-cycle genes, we performed module-based motif enrichment analysis (Genomatix). Modules were considered significantly enriched in a set of promoters if the Z-score was Ͼ 2. As shown in Table 3 , although similar TF modules were found to be overrepresented in both cell-cycle and sarcomere genes, the vast majority were unique to each gene set. Regarding the similar TF modules between the two groups, the basic helix-loop-helix (bHLH) proteins (or E-box-binding factors), such as HAND, Twist, and Mesp, play prominent and diverse roles in cardiogenesis, such as specification, proliferation, and differentiation (27) (28) (29) ; thus, it is not surprising to find them overrepresented in both gene categories. Similarly, the MADS box factor SRF and the steroid receptor RXR, which have pleiotropic gene-regulatory functions (30, 31) , were enriched in TF modules within the regulatory regions of both cell-cycle and sarcomere genes. Analysis of the largely unique modules revealed transcriptional regulators that function downstream of Notch and Hedgehog signaling. These evolutionarily conserved signal transduction pathways emerged as the most interesting candidates because of their important role not only in developmental gene regulation but also in cardiogenesis (32, 33) . These upstream signals could be the lynchpin to establish isoform selectivity in the MEF2-dependent regulation of cell-cycle and sarcomere gene programs in cardiomyocytes in cardiac development.
Notch and Hedgehog signaling coordinate MEF2 isoformspecific regulation of cell-cycle and differentiation programs
To determine whether Notch and/or Hedgehog signaling modulate MEF2-dependent gene regulation in a program-spe-cific fashion, we initially evaluated the ability of NRVMs to respond to these pathways by examining the expression of their known downstream target genes, some of which are mediators of these signals. As shown in Fig. 6A , transduction of NRVMs with adenoviruses overexpressing constitutively active Sonic hedgehog (SHH-N) and the Notch intracellular domain (N1ICD) induced expression of the GLI (Gli1-3) and vertebrate enhancer of split (Hey2 and Hes1) TFs, respectively.
Overexpression of SHH-N was found to diminish the up-regulation of cell-cycle gene expression in MEF2A-or MEF2Ddeficient NRVMs (Fig. 6B, top) . SHH-N alone also had a repressive effect on cell-cycle gene expression. In contrast, SHH-N had no significant effect on the expression of sarcomere genes either in the presence or absence of MEF2A or -D (Fig. 6B,  bottom) . Finally, inhibition of MEF2C in NRVMs overexpressing SHH-N displayed variable and inconsistent expression patterns on both cell-cycle and sarcomere gene programs (data not shown).
Conversely, constitutive Notch activity further up-regulated cell-cycle gene expression in both MEF2A-and MEF2D-deficient NRVMs, whereas MEF2C inhibition had the opposite effect (Fig. 6C, top) . Notch alone had a modest effect on the expression of cell-cycle genes. These data suggest that the presence of MEF2A or -D, but not MEF2C, represses the ability of Notch signaling to activate cell-cycle gene expression. In a reciprocal fashion, Notch-mediated activation of sarcomere genes required the presence of MEF2A or -D, but not MEF2C (Fig. 6C, bottom) . Interestingly, ␣-actinin immunofluorescence revealed that activation of Hedgehog or Notch in MEF2A-or D-deficient NRVMs was unable to rescue the abnormal morphology and number of cardiomyocytes (Fig. 7, A and B) .
As depicted in the model in Fig. 7C , the ability of the Hedgehog signaling pathway to modulate MEF2A-and MEF2Ddependent gene regulation was restricted to the cell-cycle 
Pathway analysis of regulatory patterns of genes dysregulated in each MEF2 knockdown
Shown is IPA canonical pathway analysis of genes dysregulated in the same direction in each treatment (shared) and pathways dysregulated in the same direction by Mef2a and -c shRNA treatment or Mef2c and -d shRNA treatment (MEF2A/C or MEF2C/D) or in the same direction by Mef2a and -d shRNA treatment (MEF2A/D). Table 3 Enriched transcription factor-binding site analysis
Canonical pathway
Binding site enrichment analysis was performed using the Genomatix software suite to determine enriched motifs adjacent (within 50 bp) of MEF2 consensus binding sites in the regulatory region 5 kb upstream of the putative transcriptional start site of antagonistically regulated genes (differentiation genes at the top, cell cycle/proliferation genes at the bottom). The 
Discussion
The mechanisms of coordinating cell-cycle and differentiation programs in cardiomyocytes remain poorly understood. Here, we have used acute isoform-specific knockdown of the mammalian MEF2 proteins to demonstrate that protein isoforms of this evolutionarily conserved, core cardiac transcription factor have distinct regulatory roles in neonatal cardiomyocytes. Interestingly, we have also uncovered a previously uncharacterized antagonistic regulatory role between individual members of the MEF2 family in the regulation of cell-cycle and differentiation gene programs. These disparate roles are most evident in cardiomyocyte survival, where a differential requirement of specific MEF2 isoforms is observed for this process. These results reveal a mechanism whereby antagonistic regulatory pathways can function simultaneously to promote proper development and growth of the heart.
To our knowledge, MEF2 represents the first transcription factor to have a dual and antagonistic function in the regulation of both cell-cycle and differentiation (sarcomere) gene programs in cardiomyocytes. The forkhead box transcription factor family was previously demonstrated to have antagonistic roles in neonatal cardiomyocyte cell-cycle withdrawal and proliferation (34) . However, the opposing function of two family members, FoxO and FoxM1, was restricted to the cell-cycle program. These TFs were shown to coordinate the regulation of cell-cycle activators and inhibitors depending on nutrient avail- ability or growth factor levels. FoxO was demonstrated to prevent neonatal cardiomyocyte proliferation through direct negative regulation of IGF1, whereas FoxM1 positively regulated this growth factor gene. In addition, these differential regulatory effects were mediated upstream by the activation status of AMPK. Because differentiation genes were not examined in that study, it is unknown whether the forkhead TFs regulate this gene program in an antagonistic fashion. Another example of antagonistic transcriptional regulation is found in the relationship between Irx3 and Irx5. These two transcription factors share redundant functions during the development of the mammalian heart but appear to play divergent roles in adult cardiac electrophysiology (35) . Single knockouts of each Irx factor lead to a loss in appropriate depolarization gradient, but double knockouts restore the appropriate polarization gradient. These results suggest that Irx5 is required to repress the function of Irx3 in specific regions of the adult heart and provides an additional example of homologous cardiac transcription factors playing an antagonistic relationship that is required for normal cardiac homeostasis.
We have shown that MEF2A and MEF2D are necessary for neonatal cardiomyocyte survival and that these factors were C. able to diminish programmed cell death, as determined by cleaved caspase-3 activity, in the context of MEF2A deficiency. Interestingly, MEF2C overexpression in MEF2A-deficient NRVMs failed to rescue cleaved caspase-3 activation but was capable of reducing apoptotic DNA degradation. Ultimately, MEF2C overexpression had no effect on survival, suggesting that MEF2C activity is not functionally redundant with and cannot compensate for MEF2A in the more proximal events of programmed cell death. We have previously described canonical pathways in the common (or co-regulated) set of dysregulated genes in individual MEF2 knockdowns in C2C12 skeletal myoblasts (25) . Because striated muscle cell types share many gene programs, we compared the co-regulated MEF2 pathways between C2C12 cells and NRVMs. Overall, there was no obvious overlap in the pathways regulated by all MEF2 isoforms between skeletal and cardiac myocytes. The co-regulated MEF2 pathways in C2C12 cells were dominated by signal transduction cascades, whereas the co-regulated pathways in NRVMs were predominantly associated with cell-cycle control. This difference may reflect the contexts in which the analyses were performed, such that the co-regulated MEF2-dependent cell signaling is more important for the differentiation process (myoblast-to-myotube), whereas precise cell-cycle control is necessary for permanent cell-cycle withdrawal and maturation of differentiated neonatal myocytes.
Cell Cycle Genes
Comparison of pathways preferentially sensitive to inhibition of individual MEF2 proteins in skeletal myoblast with our present data in cardiomyocytes shows distinct roles for MEF2 isoforms in these related striated muscle cell types. Specifically, comparison of gene sets preferentially sensitive to MEF2A in cardiomyocytes and skeletal myoblasts revealed that only two pathways, molecular mechanisms of cancer and germ cell-Sertoli cell junction signaling, were shared in both muscle cell types. The remaining pathways in NRVMs and skeletal myoblasts dependent on MEF2A did not have any obvious functional relationships to each other. A recently published study investigated the overlap of MEF2A binding in skeletal myoblasts and cardiomyocytes using ChIP-exo (36) . Whereas many of their enriched gene ontology terms were distinct from our canonical pathway analysis, induction of apoptosis and cell death were among the enriched pathways in cardiomyocytes. These results support our observations that MEF2A is required for cardiomyocyte survival.
Interestingly, several cell-cycle pathways (G 1 /S checkpoint regulation and estrogen-mediated S-phase entry) were shown to be significantly enriched in MEF2C-deficient skeletal myoblasts (25) . This is in stark contrast to the enrichment of this gene program in MEF2A-or MEF2D-deficient cardiomyocytes. The most significantly enriched canonical pathways preferentially dysregulated by MEF2C inhibition in NRVMs are associated with energy metabolism, suggesting a distinct role for MEF2C in cardiomyocyte metabolism that is not shared in skeletal muscle. Because NRVMs were cultured in medium containing minimal fatty acids, it would be interesting to evaluate the requirement of MEF2C in myocyte survival under different metabolic conditions. Despite these differences, MEF2C had a significant regulatory effect on cell-cycle gene expression in cardiomyocytes. The observation that MEF2C positively regulates cell-cycle genes may reflect its role in cardiac reprogramming (37) , such that its activity is required to drive early steps in differentiation and coordinate proliferation of immature cardiomyocytes.
Inhibition of MEF2D displayed the most disparate effect on pathway enrichment in both striated muscle cell types. There was very little overlap between specific pathways preferentially dysregulated in skeletal and cardiac myocytes. For this MEF2 isoform, cytokine, hypoxia, and AMPK signaling were enriched in skeletal myoblasts, whereas HIPPO, PI3K, and neuregulin pathways were sensitive to MEF2D in NRVMs. The majority of pathways preferentially dysregulated by MEF2D inhibition in both models are generally associated with signal transduction, suggesting a distinct role for MEF2D in integrating cell signaling in both muscle cell types.
The presence of canonical MEF2-binding sites in both cellcycle and sarcomere gene sets suggested that differential regulation might be mediated by program-exclusive co-regulators. Indeed, we observed minimal overlap in overrepresented transcription factor-binding sites between the cell-cycle and sarcomere genes. Among the unique transcription factor-binding sites enriched in cell-cycle and sarcomere genes were those belonging to TFs that mediate Hedgehog and Notch signaling, respectively. The Hedgehog signaling pathway has an early role in patterning of the developing heart (33) . Curiously, the Hedgehog signaling pathway has been shown to regulate Mef2c expression to promote cardiomyocyte differentiation in P19 embryocarcinoma cells (38) . Our present report shows that Hedgehog also functions in differentiated cardiomyocytes, and in these postnatal myocytes, it modulates MEF2A-and MEF2D-dependent regulation of the cell cycle but not the sarcomere gene program.
Notch has been shown to play an important role in cardiac morphogenesis in multiple cell lineages in the heart, including cardiomyocytes (32) . In addition, previous studies have shown that the Notch signaling pathway modulates MEF2 activity in mammalian skeletal myoblasts (39, 40) . Notch also synergizes with MEF2 to promote proliferation in fly development (41) . Although a specific function for Notch has not been ascribed to sarcomere gene regulation, it has been shown to promote cellcycle reentry of neonatal cardiomyocytes (42) . Our present data reveal that Notch induction of proliferative markers is repressed by MEF2A and -D, introducing a potential mechanism for the loss of proliferative capacity observed in those studies. Recently, inhibition of Notch was shown to increase MEF2C binding on structural gene promoters in the context of cardiac reprogramming (43) . We show that activation of Notch and inhibition of MEF2C together in NRVMs further up-regulated Notch-induced structural gene expression, indicating a differential, context-specific utilization of this pathway in the regulation of cardiac structural genes. Taken together, our results reinforce the relevance of a Notch-MEF2 transcriptional pathway in cardiomyocytes and that modulation of MEF2 isoform-specific activity by this upstream signal is a key mechanism coordinating cell-cycle control and differentiation in cardiomyocytes.
We have demonstrated that protein isoforms of the mammalian MEF2 transcription factor family antagonistically regulate cell-cycle and differentiation gene programs in neonatal cardiomyocytes. Moreover, the ability of MEF2A, -C, and -D to regulate disparate gene programs is modulated by Hedgehog and Notch signaling. The results of this study point to an intricate regulatory mechanism involving the differential utilization of homologous members of a core cardiac transcription factor that determines the differentiation state of cardiomyocytes. Relating to this point, the coexistence of active and repressive MEF2 complexes in tumors was recently described (44) . Altogether, functional differences in MEF2-dependent gene regulation may arise from their relative expression levels, distinct dimeric combinations, interaction with transcriptional and chromatin cofactors, and/or modulation of their activity by key developmental signaling pathways. In the future, it would be interesting to determine whether the TFs that function downstream of Notch and Hedgehog physically and genetically interact with MEF2 protein isoforms to coordinate the antagonistic regulation of cell-cycle and differentiation programs in cardiac development and reprogramming.
Experimental procedures
Cell culture
NRVMs were isolated from 1-2-day-old SASCO Sprague-Dawley neonatal rats (Charles River Laboratories). Briefly, neonatal rats were sacrificed by decapitation, and whole hearts were removed. Ventricles were then isolated and transferred to 1ϫ Hanks' buffered saline solution with 0.06% trypsin and incubated overnight at 4°C. The following day, 10 mg/ml collagenase II (Worthington) in 1ϫ Hanks' buffered saline solution was added to isolate individual cardiomyocytes. Resulting suspensions were preplated to remove contaminating fibroblasts and plated at a density of 1 ϫ 10 6 cells/well in 6-well dishes in DMEM (Invitrogen) containing 10% fetal bovine serum. All tissue culture plates that were seeded with NRVMs were pretreated with 0.1% gelatin for at least 1 h before seeding. After 24 h in culture, NRVMs were washed with 1ϫ PBS, and cells were placed in DMEM with 0.5ϫ Nutridoma-SP (Roche Applied Sciences).
Adenoviral transduction
Adenoviral vectors bearing shRNA constructs were generated as described previously (25) . Mef2 shRNA adenoviruses were used at a multiplicity of infection (MOI) of 50 for all RNA collection and combinatorial knockdown experiments. An MOI of 25 was used in the MEF2 overexpression rescue experiments. ␤-gal, MEF2A, MEF2C, MEF2D, and MEF2-VP16 overexpression adenoviruses were a generous gift from Jeff Molkentin (Children's Hospital, Cincinnati, OH). For Mef2a knockdown rescue experiments, MEF2A overexpression adenovirus was used at an MOI of 1.25, and other overexpression adenoviruses were used at an MOI of 7.5. For Mef2d knockdown rescue experiments, MEF2A overexpression adenovirus was used at an MOI of 2.5, and other overexpression adenoviruses were used at an MOI of 15. SHH-N overexpression adenovirus was a kind gift of Ronald G. Crystal (Weill Cornell Medicine) and was used at an MOI of 25. N1ICD overexpression adenovirus was a kind gift of Igor Prudovsky (Maine Medical Center Research Institute) and was used at an MOI of 2.5.
Comparative microarray analysis
Forty-eight hours after transduction, total RNA from shLacZ (n ϭ 3)-, shMef2a (n ϭ 3)-, shMef2c (n ϭ 3)-, and shMef2d (n ϭ 3)-treated NRVMs was prepared via TRIzol isolation (Invitrogen). RNA quality was evaluated using a Bioanalyzer (Agilent), and samples were hybridized to a Rat Gene 2.0 ST at the Boston University Microarray Core Facility (n ϭ 3 per shRNA, 12 arrays total). Microarray data are available in GEO (NCBI) with accession number GSE92861.
Quantitative RT-PCR
Total RNA from NRVM Mef2 knockdown experiments was isolated using TRIzol isolation and was used to synthesize cDNA using reverse transcriptase with random hexamers (Promega). Quantitative RT-PCR was performed in triplicate wells using SYBR Green Master Mix (Applied Biosystems) with the 7900HT sequence detection system (Applied Biosystems). The primers used can be found in Table 4 . qRT-PCR data were analyzed using the ⌬⌬CT method.
Immunocytochemistry
Glass coverslips were acid-etched by incubating in a 1 N HCl solution at 65°C overnight. Coverslips were then rinsed in deionized H 2 O six times and then rinsed once in 70% ethanol and allowed to dry in a tissue culture hood under UV light irradiation for at least 1 h. Prepared coverslips were then transferred to 6-well plates, and gelatinized and NRVMs were seeded as described above.
NRVMs were transduced and incubated in standard cell culture conditions for 72 h. Cells were then fixed by washing once in 1ϫ PBS and then fixed for 15 min in freshly prepared 4% formaldehyde at room temperature. Fixative was then removed, and coverslips were washed three times in 1ϫ PBS and then stored at 4°C for up to 2 weeks before immunostaining.
Before staining, coverslips were blocked with Mouse on Mouse (Vector Laboratories) for 1 h at room temperature. During incubation, antibody dilution buffer (0.1% BSA, 0.3% Triton X-100 in 1ϫ PBS) was prepared fresh, and a working primary ␣-actinin (1:500; A7811, Sigma-Aldrich) antibody solution was prepared. Mouse on Mouse was aspirated, and coverslips were incubated in primary antibody solution overnight at 4°C with gentle shaking. Primary antibody was aspirated and coverslips were washed three times for 5 min with 1ϫ PBS, and then coverslips were incubated in secondary antibody solution (1:500 AlexaFluor 586 donkey ␣-mouse IgG; A10037, Invitrogen) for 1 h at room temperature in the dark. Secondary antibody solution was aspirated, coverslips were rinsed three times for 6 min with 1ϫ PBS, and then coverslips were mounted onto slides with Vectashield with DAPI (Vector) and sealed. Slides were imaged within 1 week of staining using an Olympus DSU spinning disk confocal microscope.
Cell viability assays
NRVMs were cultured in 24-well plates at a cell density of 8 ϫ 10 4 cells/well and transduced with adenovirus. NRVMs were cultured for 48 h, and then 20 l of CellTiter-Blue reagent (Promega) was added to each well. Plates were incubated for 16 h at 37°C in a tissue-culture incubator, and fluorescence of the medium was measured at 560/590 nm using a Victor3 plate reader (PerkinElmer Life Sciences). Data were normalized to untreated control wells lacking NRVMs.
NRVMs were cultured at a cell density of 1 ϫ 10 6 cells/well, and total protein lysate was collected. Protein lysates were combined with a fluorogenic caspase-3 substrate, Ac-DEVD-7-amido-4-methylcoumarin (BD Biosciences) to a final concentration of 50 M. Lysates were then incubated for 1 h at 37°C. Fluorescence was measured at 440/460 nm using a Victor3 plate reader (PerkinElmer Life Sciences). Data were normalized to total protein levels.
Hypodiploid DNA content was measured using propidium iodide staining and flow cytometry. Briefly, NRVMs were plated at a cell density of 1 ϫ 10 6 cells/well, transduced with adenovirus, and cultured for a further 72 h. NRVMs were then scraped into the existing medium to retain any cells that had detached from the plate and centrifuged at 1,000 ϫ g for 5 min at 4°C. Pellets were resuspended in 3.33ϫ PBS, and ice-cold 100% ethanol was added to resuspended pellet to a final concentration of 1ϫ PBS. Cells were stored up to 2 weeks in ethanol solution at 4°C. On the day of flow cytometry, NRVMs were pelleted as described above and washed once with 1ϫ PBS. The NRVMs were resuspended in propidium iodide staining solution (50 g/ml propidium iodide (Sigma-Aldrich), 2ϫ PBS, 10 g/ml RNase A, prepared fresh) for 30 min at room temperature in the dark. Post-staining, cells were analyzed using a FACSCalibur flow cytometer (488-nm excitation/585-nm emission).
Computational analysis
Microarray data were annotated with Entrez ID numbers. Statistically significant dysregulation of each gene was evaluated in the individual Mef2-deficient microarrays. Significantly dysregulated genes were sorted into groups based on shared dysregulation between the various treatment groups. IPA (Ingenuity Systems) was used to determine canonical cellular pathways associated with the same gene sets.
Co-regulatory factor enrichment analysis was performed on the above-mentioned proximal promoter region of genes coregulated by the MEF2 factors using MatInspector from the Genomatix software suite. Analysis was constricted to regions within 50 bp of putative MEF2-binding sites to enrich for potential interactions. The analytical background was composed of a cross-section of genomic promoter sequences to discriminate between enriched motifs and generic promoter regions. Resulting enriched motifs were sorted by Z-score, with a Z-score Ͼ 2.0 being considered significantly enriched. Additional data about enriched motifs were extracted from the Genomatix MatBase and NCBI databases.
Statistical analyses
All numerical quantification is representative of the mean Ϯ S.E. of at least three independently performed experimental replicates. Statistically significant differences between two populations of data were determined using Student's t test. p values Յ 0.05 were considered statistically significant. In cases of qRT-PCR analysis where the number of independent replicates exceeded three, a quartile outlier test was applied to determine Table 4 Rat qRT-PCR primers used in this study
Gene Forward Reverse
Gapdh
5Ј-AGCACAGAAAGTCATCAAAGCC 5Ј-CTTGGAATGCCGGGAGCTAT significant outlier data. These points were removed, and the expressed quantification does not include these values. The technical quality of the microarrays was determined using relative log expressions and normalized unscaled S.E. Relative log expressions and normalized unscaled error values greater than 0.1 and 1.05, respectively, are considered out of normal limits. All arrays had median values within the normal limits of these tests. Microarray data were normalized using the robust multiarray average algorithm and were log 2 -transformed by default. Knockdown efficiency of MEF2 shRNA was determined by calculating the -fold change for each MEF2 isoform knockdown relative to the shLacZ negative control. Significant dysregulation of gene expression was determined using a one-way analysis of variance, and the Benjamini-Hochberg false-discovery rate correction was applied to obtain corrected q values, and a q threshold of Ͻ 0.05 was used to determine significant dysregulation. Tukey's honest significant difference post hoc test was performed to identify significantly dysregulated genes and correct for multiple testing error across all intergroup comparisons. A corrected q value of Ͻ 0.05 was used to determine statistically significant gene dysregulation among gene groups.
Author contributions-C. A. D. and F. J. N. designed the study and wrote the paper. C. A. D. performed and analyzed all of the experiments in this manuscript. Both authors reviewed the results and approved the final version of the manuscript.
